Recently it has been shown that the AQM (Active Queue Management) schemes implemented in the routers of communication networks supporting TCP (Transmission Control Protocol) flows can be modeled as a feedback control system. Based on a delay differential equations model of TCP's congestion-avoidance mode different control schemes have been proposed. Here a robust controller is designed based on the known techniques for ?fm control of systems with time delays.
Introduction
Recently several mathematical models of AQM (Active Queue Management) schemes supporting TCP (Transmission Control Protocol) flows in communication networks have been proposed [I, 2, 31 . From these models a Control Theory based approach can be used to analyze or to design AQM schemes. The authors of [2] have derived a delay differential equations model of TCP's congestion avoidance mode and further simplified this model focusing the design of a Proportional-Integral controller on the low-frequency dynamics, considering the high-frequency dynamics as parasitic. Their controller could guarantee some robustness with respect to the network parameters uncertainties. However, if the uncertainties to be tolerated for stability are "relatively" large, the system's response becomes sluggish.
Motivated by their work we design in this paper an Hm controller for their original linear system, without neglecting high-frequency dynamics, that ensures robust stability and good performance for a wider range of network parameters uncertainties. As in [2] , we assume that the AQM mechanism brings the system to the neighborhood of an equilibrium (operating point), so that we take the same linear model. Large deviations from this operating point (e.g. in the form of TCP time-out and slow-start phases, buffer overflow, empty queue) are ignored. 
TCP flows
We consider in this paper the network configuration consisting of a single router receiving N TCP flows, we assume that the AQM scheme implemented at the router marks packets using ECN [I 11 to inform the TCP sources of impending congestion. In the following we ignore the TCP slow start and time out mechanisms, thus providing a model and analysis during the congestion avoidance mode only. In TCP, the congestion window size ( W ( t ) ) is increased by one every round trip time if no congestion is detected, and is halved upon a congesti6n detection. This additive-increase multiplicative-decrease behavior of TCP has been modeled in [ 11 by the following difference equation (case of one TCP flow interacting with a single router) with R(r) = q ( t ) / C + Tp where Tp is the propagation delay, q ( t ) is the queue length at the router, C is the router's transmission capacity, thus q(t)/C is the queuing delay and R ( f ) is the round trip time delay, and d N ( t ) is the number of marks the flow suffers. In a network topology of N homogeneous TCP sources and one router a model relating the average value of these variables and the router's queue dynamics becomes [ where p ( t ) is the probability of packet mark due to the AQM mechanism at the router. Here we use the notation [XI+ = x if x 2 0, and
The linearization of (2) and (3) about the operating point is carried out in [2] and the perturbed variables about the 0-7803-7924-1/03/$17.00 02003 IEEE operating point satisfy
where the operating point is defined by the solution (Ro, WO, PO) of the following set of equations
for a desired equilibrium queue level 40. Then, W ( t ) = WO + 6 W ( t ) , and similarly for R ( t ) , p ( t ) , q ( r ) .
Clearly, implementation of the controller depends on 40, see Figure 1 . In the RED algorithm, qo is adjusted by setting appropriate parameters to satisfy PO =LRED(qO -e t h ) ( 
9)
where LRED and minth are the AQM-RED parameters (LED is the ratio of a small change in packet mark probability to a small change in queue length, and minth is the minimum queue length beyond which packet marking is applied linearly), see [ 1,2]. Thus the equations (6-9) define the operating point that is adjusted by the RED parameters. Then, around the operating point, RED can be seen as a linear proportional controller with gain LRED.
Here we consider the same linear plant derived in [2] . Note that for the linearization the time-varying nature of the round-trip time delay in the terms "t -R(r)" is ignored and Considering a negative feedback control system with the AQM being the controller, the system to be controlled is given by
NW:
A(s)eWRos In the following we design an AQM scheme based on P' control techniques that improves the system's transient while stabilizing the plant, and ensures robustness with respect to uncertainties in the values of the system's parameters. The plant P can be written as where F is a finite impulse response filter defined as where Pn(s) is the nominal plant ( P ( s ) defined from the nominal values of the parameters N,Ro,C) and U ( s ) is the multiplicative plant uncertainty. We would like to design a controller for the nominal plant Pn (s) that would also stabilize the actual plant P(s) that would be obtained by the same linearization process around the actual equilibrium point. In the following our goal is to find a bound W2(s) for the multiplicative plant uncertainty AP(s). For clarity of presentation we omit in the following the argument of the transfer functions (i.e. we just write P instead of P(s)). Note that It can be shown that a bound W2 of the multiplicative plant uncertainty, i.e. W2 that satisfies with a, b and c constants that can be computed from the uncertainty bounds.
Modeling of the parametric uncertainties of the plant

An Y P optimization problem
We design the controller to minimize the following P' cost function where the infimum is taken over all C stabilizing Pn, and Wl ( s ) = 1/s for good tracking of step-like reference inputs (desired queue size). Applying the formulae given in 
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and y is determined as the largest root of
Implementation issues
The packets are marked with probability p ( t ) computed by the 9-P controller (21) according to the block diagram shown in Figure 1 where qo is the desired steady state queue length and is calculated from (6), (7) and (8). 
Simulations
The simulations are carried out using simulink, the nonlinear model defined by equations 
Concluding remarks
We developed in this paper a robust AQM control scheme supporting ECN and TCP flows. The simulation experiments based on a nonlinear fluid flow model, that includes delays, show that the proposed AQM scheme performs better than RED and the proportional-integra1 scheme by obtaining faster transients and less oscillatory responses, which translates into higher link utilization, low packet loss rate and small queue fluctuations. A challenging extension of this work would be to consider networks having multiple links and sources, but such an extension is not trivial due to the interaction between the control schemes of each router.
